Abstract Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease of motor neurons (MNs). The molecular pathogenesis of ALS is not understood, thus effective therapies for this disease are lacking. Some forms of ALS are inherited by mutations in the superoxide dismutase-1 (SOD1) gene. Transgenic mice expressing human Gly93 ? Ala (G93A) mutant SOD1 (mSOD1) develop severe MN disease, oxidative and nitrative damage, and mitochondrial pathology that appears to involve nitric oxide-mediated mechanisms. We used G93A-mSOD1 mice to test the hypothesis that the degeneration of MNs is associated with an aberrant up-regulation of the inducible form of nitric oxide synthase (iNOS or NOS2) activity within MNs. Western blotting and immunoprecipitation showed that iNOS protein levels in mitochondrial-enriched membrane fractions of spinal cord are increased significantly in mSOD1 mice at pre-symptomatic stages of disease. The catalytic activity of iNOS was also increased significantly in mitochondrial-enriched membrane fractions of mSOD1 mouse spinal cord at pre-symptomatic stages of disease. Reverse transcription-PCR showed that iNOS mRNA was present in the spinal cord and brainstem MN regions in mice and was increased in pre-symptomatic and early symptomatic mice. Immunohistochemistry showed that iNOS immunoreactivty was up-regulated first in spinal cord and brainstem MNs in pre-symptomatic and early symptomatic mice and then later in the course of disease in numerous microglia and few astrocytes. iNOS accumulated in the mitochondria in mSOD1 mouse MNs. iNOS immunoreactivity was also up-regulated in Schwann cells of peripheral nerves and was enriched particularly at the paranodal regions of the nodes of Ranvier. Drug inhibitors of iNOS delayed disease onset and significantly extended the lifespan of G93A-mSOD1 mice. This work identifies two new potential early mechanisms for MN degeneration in mouse ALS involving iNOS at MN mitochondria and Schwann cells and suggests that therapies targeting iNOS might be beneficial in treating human ALS.
degeneration and loss of upper motor neurons (MNs) in cerebral cortex and lower MNs in brainstem and spinal cord (Rowland and Shneider 2001) . ALS is the third most common neurodegenerative disorder with an adult onset, affecting about 2-5 in every 100,000 individuals (Rowland and Shneider 2001; Cozzolino et al. 2008 ). More than 5,600 people in the US are diagnosed with ALS each year (ALS Association, www.alsa.org). The disease-causing events that trigger MN degeneration are not understood and why MNs are selectively vulnerable in ALS is unclear. Two forms of ALS exist: sporadic and familial (Rowland and Shneider 2001; Bendotti and Carrì 2004; Cozzolino et al. 2008) . The majority of ALS cases are sporadic with no known genetic component, except for mis-sense mutations in TAR-DNA binding protein (Kabashi et al. 2008) . Aging is a strong risk factor for ALS because the average age of onset is 55 years (ALS Association, www.alsa.org). Familial forms of ALS (fALS) have autosomal dominant or autosomal recessive inheritance patterns and make up *10% or less of all ALS cases (Schymick et al. 2007; Turner and Talbot 2008) . ALS-linked mutations occur in the genes encoding SOD1 (ALS1), Alsin (ALS2), senataxin (ALS4), vesicle associated membrane protein (VAMP/ synaptobrevin)-associated protein B (ALS8), dynactin, TAR-DNA binding protein, and fused in sarcoma (FUS, ALS6) (Martin 2006; Schymick et al. 2007; Turner and Talbot 2008) .
Mutations in the SOD1 gene account for *20% of all fALS cases (*2% of all ALS cases) Rosen et al. 1993) . SOD1 (also known as copper/zinc SOD) is a metalloenzyme of 153 amino acids (*16 kDa) that binds one copper ion and one zinc ion per subunit. SOD1, functioning as a *32 kDa non-covalently linked homodimer, is responsible for the detoxification and maintenance of intracellular superoxide anion (O 2 -) concentration in the low femtomolar range by catalyzing the dismutation of O 2 -to molecular oxygen and hydrogen peroxide (O (McCord and Fridovich 1969) . SOD1 is ubiquitous (intracellular SOD concentrations are typically *10-40 lM) in most tissues and possibly greater in neurons (Rakhit et al. 2004 ). SOD1 mutants appear to gain a toxic property or function, rather than having diminished O 2 -scavenging activity Borchelt et al. 1994; Yim et al. 1996) , and this toxicity might involve nitric oxide (NO • ) (Beckman et al. 1993 (Beckman et al. , 2001 . Cellular stresses resulting from reactive oxygen species (ROS) and reactive nitrogen species (RNS) have been implicated in human ALS pathogenesis, and in animal and cell models of ALS (Martin 2006) . One particular pathway for MN toxicity involves NO
• , which can be synthesized by three isoforms of nitric oxide synthase (NOS) enzymes: neuronal or NOS1, inducible or NOS2, and endothelial or NOS3 (Mungrue et al. 2003) . Although NO
• has many beneficial cellular functions, it can react with superoxide radical (O 2
• ) to form the potent oxidant peroxynitrite (ONOO -) that can damage protein, lipids, and nucleic acids (Pacher et al. 2007 ). Inducible NOS (iNOS) differs from NOS1 and NOS3 because it is active constitutively in a calcium-independent manner and is active for extended periods yielding highoutput NO
• (MacMicking et al. 1997; Lowenstein and Padalko 2004) . Although iNOS is studied most commonly in the context of the immune system, tissue inflammation, and macrophage function (MacMicking et al. 1997; Lowenstein and Padalko 2004) , iNOS is also present in the nervous system and is expressed by subsets of glial cells and neurons (Heneka and Feinstein 2001) . Interestingly, normal MNs neurons express constitutively iNOS at low levels (Martin et al. 2005) , and after axotomy iNOS is upregulated in MNs and is involved directly in their apoptotic death (Martin et al. 2005; Martin and Liu 2002) . Thus, a gain in the activity of iNOS in response to certain signals can cause some forms of MN degeneration.
In the present experiments, we examined further the contribution of iNOS to the pathogenesis of ALS in a mutant SOD1 (mSOD1) mouse model. Our goals were to measure the levels and activity of iNOS in the mSOD1 mouse nervous system, to determine the cellular and subcellular localizations of iNOS, and to determine if pharmacological interventions using iNOS inhibitors could ameliorate disease. Our findings strongly implicate iNOS in the disease mechanisms of ALS in mice.
Materials and methods

Animal model
A common mutation in human SOD1 is the substitution of glycine by alanine at position 93 (G93A). Transgenic (tg) mice that express this mutant form of human SOD1 linked to fALS Dal Canto and Gurney 1994) are used widely as an animal model of ALS (Bendotti and Carrì 2004; Martin and Liu 2004; Cozzolino et al. 2008; Turner and Talbot 2008) . The effects of this human mutant gene on mice are profound. Hemizygous tg mice expressing a high copy number of the G93A variant of mutant SOD1 (mSOD1) become completely paralyzed and die at *16-18 weeks of age . MNs in mice expressing G93A
high -mSOD1 undergo prominent degeneration; about 70% of lumbar MNs are eliminated by endstage disease (Martin et al. 2007 ). Tg mice expressing either the human mutant SOD1 gene or the human wildtype (wt) human SOD1 gene ) were used in this study. The mouse line (B6SJL-TgN[SOD1-G93A]1Gur, G1H, Jackson Laboratory, Bar Harbor, ME) with a high copy number of mutant allele (*20 copies) and a rapid disease onset was used. Mice were studied throughout the course of disease generally from pre-symptomatic stages (\10 weeks) to early symptomatic stages (10-14 weeks) to late stages of disease (15-18 weeks). Mice were classified specifically by visible neurologic signs as pre-symptomatic, early-stage disease, or late-stage disease by their hindlimb reflex appearance when held by the tail, gait and posture, and paralysis, respectively. Controls were tg mice expressing the normal allele of the human SOD1 gene (B6SJL-TgN[SOD1]2Gur, Jackson Laboratory) studied at the same ages as the mutants. Animal protocols were approved by the Johns Hopkins University Institutional Animal Care and Use Committee.
Western blots and immunoprecipitation
To determine the levels of iNOS protein in wtSOD1 and mSOD1 tg mice spinal cord, Western blotting (WB) and immunoprecipitation (IP) were used. mSOD1 mice at presymptomatic (n = 4-6) and early symptomatic (n = 4-6) stages of disease, along with age-matched and wtSOD1 tg mice (n = 4), were killed by isoflurane overdose and decapitated. Spinal cords were isolated and homogenized, followed by differential centrifugation into nuclear, soluble, and mitochondrial-enriched membrane fractions as described . Spinal cord protein samples (10-20 lg) and purified recombinant mouse iNOS (Calbiochem) were subjected to SDS-PAGE, followed by electrophoretic transfer to nitrocellulose membranes. The quality of the SDS-PAGE and transfer was assessed by Ponceau S staining. These membranes were blocked with 2.5% dry milk/0.1% Tween 20/Tris-buffered saline (TBS) and then incubated with antibody to iNOS. Four different antibodies to iNOS were used: mouse monoclonal C-11 antibody to mouse iNOS C-terminus (Santa Cruz Biotechnology), mouse monoclonal clone 6 antibody to mouse iNOS C-terminus (BD Biosciences), rabbit polyclonal antibody to mouse iNOS N-terminus (Upstate Biotechnology), and rabbit polyclonal antibody to mouse iNOS C-terminus (Sigma). Primary antibody binding was detected with HRP-conjugated secondary antibodies (BioRad), followed by a chemiluminescent HRP substrate (Pierce). Immunoblots were exposed to X-ray film to visualize immunoreactivity. Blots were re-probed with monoclonal antibody 6C5 to glyceraldehyde phosphate dehydrogenase (GAPDH, Research Diagnostics International) for a protein loading control. iNOS immunoreactivity levels relative to GAPDH levels on films were quantified using densitometry (Quantity One).
For IP, as described previously in more detail (Golden et al. 2003) , samples of spinal cord protein fractions (50 lg) were pre-cleared with Protein A/G Sepharose (Pierce), followed by incubation with iNOS primary antibody (Santa Cruz, sc-7271 or Upstate, 06-573). Samples were then incubated with Protein A/G Sepharose to form sepharose-antibody-iNOS complexes. These complexes were captured by centrifugation. Precipitated proteins were isolated by boiling samples in 49 treatment buffer and subjected to SDS-PAGE and WB. Films were quantified using computer densitometry program (Quantity One). IgG bands were quantified as loading controls.
NOS enzyme activity assay
Mice classified as pre-symptomatic, early-stage disease, late-stage of disease, and controls (wtSOD1 tg) were used (n = 6 mice/group). Spinal cords were collected freshly and tissue homogenates obtained as described above. A NOS biochemical assay kit (Cayman Chemical, 781001) was used to measure enzymatic activity of iNOS in spinal cord preparations of mSOD1 mice. L-arginine is consumed by NOS enzymes using a variety of cofactors and electron carriers, producing NOÁ and L-citrulline (Mungrue et al. 2003) ; the NOS assay kit measures production of NOÁ in vitro by measuring conversion of [
14 C] radiolabeled L-arginine to L-citrulline using a modification of the method described previously (Bhardwaj et al. 1997) . To detect the calcium-independent enzymatic activity of iNOS activity, the reaction mixtures omitted calcium ion and calmodulin, which were required for other NOS isoforms (e.g., nNOS). Alternatively, a highly specific inhibitor of iNOS (S-methylisothiourea sulfate, SMT; Santa Cruz Biotechnology, sc-3566; Southan et al. 1995) was included in the reaction mix to assay selectively for nNOS activity. Samples were incubated with the kit's reaction mix, which includes cofactors (e.g., FAD, NADPH) and [ 14 C] radiolabeled L-arginine. After 1 h of reaction time, reactions were terminated using a low pH stop buffer included in the kit. A negatively charged resin was then suspended with the reaction mixture, binding the positively charged, unreacted L-arginine. The solution was placed in spin cups containing filters, and the solutions centrifuged briefly. The filter retained the resin bound to leftover L-arginine, and a liquid solution was eluted that contained neutrally charged, reacted L-citrulline unbound by resin. The L-citrulline that was eluted corresponded to NOÁ produced, since the stoichiometry of NOS produced one L-citrulline molecule and one NOÁ molecule for every L-arginine molecule consumed. The eluent was combined with 5 ml scintillation fluid and run through a scintillation counter. The efficacy of iNOS and nNOS selective conditions were confirmed by performing NOS activity assay in the absence of inhibiting conditions (i.e., including Ca 2? /calmodulin or omitting SMT). Activity was controlled against background reactivity (incubating [ 14 C] L-arginine with purified iNOS) and converted from decompositions per minute to nmol/min of NOÁ. Brain Struct Funct (2010) 214:219-234 221 Immunohistochemistry mSOD1 and wtSOD1 tg mice at 7, 8, 9, 10, 11, 14, and 15 weeks of age (n = 6/geneotype/age) were anesthetized with an overdose of chloral hydrate and perfused intracardially with ice-cold 100 mM phosphate-buffered saline (PBS; 0.9% NaCl, pH 7.4) followed by ice-cold 4% paraformaldehyde. After perfusion fixation, spinal cords remained in situ for 2 h before they were removed from the vertebral column and then placed in 20% glycerol for cryoprotection. Transverse serial symmetrical sections of lumbar spinal cord (40 lm) were obtained by frozen sectioning on a sliding microtome and stored in 96-well plates with one section/per well. Selected sections of lumbar spinal cord (every two in ten series) were immunostained for iNOS using the immunoperoxidase method as done before (Martin et al. 2007 . Sections were first permeabilized by 0.4% triton-x/ TBS and then blocked with a solution of 4% normal goat serum/0.1% triton-x/TBS. Sections were then incubated in primary antibody to iNOS. Two different antibodies to iNOS were used for immunohistochemistry: mouse monoclonal C-11 antibody to mouse iNOS C-terminus (Santa Cruz Biotechnology) and mouse monoclonal clone 6 antibody to mouse iNOS C-terminus (BD Biosciences). After incubation in primary antibody, affinity-purified goat anti-mouse secondary antibody was applied, followed by peroxidase anti-peroxidase. Antibody binding to iNOS was visualized using diaminobenzidine (DAB) as chromogen. Labeling intensity of individual MNs was quantified by computer densitometry using IPLab Gel.
Immunofluorescence
Immunohistochemistry using dual-label immunofluorescence was done as before (Martin et al. 2007 to identify iNOS at various organelles and in different types of cells. Lumbar spinal cord sections were permeabilized and blocked by incubation in 5% normal goat serum and 0.4% triton-x/TBS. iNOS was detected with mouse monoclonal primary antibody (Santa Cruz) in combination with different rabbit or sheep second primary bodies for colocalization analyses. Mitochondria were identified by MnSOD (SOD2) by rabbit polyclonal antibody (Stressgen). Peroxisomes were identified using sheep antibody to catalase (BioDesign International). Microsomes were visualized by rabbit antibody to cytochrome P450 reductase (Upstate Biotechnology). Microglial cells were identified with rabbit polyclonal antibodies (Affinity Bioreagents) to the integrin protein CD11b (Akiyama and McGeer 1990) . Astrocytes were detected with rabbit polyclonal antibodies (DAKO) to glial fibrillary acidic protein (GFAP). Schwann cells in the ventral roots/peripheral nerve were identified with rabbit antibodies to p75-low affinity neurotrophin receptor (Promega) and vimentin (Chemicon), as shown before to be markers for Schwann cells (Autilio-Gambetti et al. 1982; Johnson et al. 1988) . Secondary antibodies conjugated with Alexa-488 or Alexa-594 were applied and sections were viewed using epifluorescence microscopy.
Reverse transcription-polymerase chain reaction (RT-PCR)
To corroborate findings based on iNOS antibody approaches, RT-PCR was used to analyze mRNA expression for iNOS in mSOD1 mice. Total RNA was extracted using TRIzol (Invitrogen) from mouse whole cerebrum and from brainstem (medulla containing cranial nerve nuclei V and VII) and spinal cord ventral isolated freshly by microdissection and micro-punching. cDNA synthesis was accomplished using SuperScript One-Step RT-PCR with Platinum Taq (Invitrogen) followed by PCR. Two different sets of oligonucleotide primer pairs were used to amplify mouse iNOS cDNA. One set of primers, commercially available (R&D Systems), amplifies a 513-bp product. Another set of primer pairs used were chosen from the published cDNA sequence of mouse iNOS (Lyons et al. 1992 ) and were 5 0 -AGCATCACCCCTGTGTTCCACC-3 0 (sense) and 5 0 -TGGGACAGTCTCCATTCCCA-3 0 (antisense). These primers amplify a 388-bp product (Wu et al. 2003) . Oligonucleotide primers for mouse voltage-dependent anion channel-1 (VDAC1), used as an RNA control for each sample, were 5 0 -GCTAAGGATGACTCGGCTT TAAGG-3 0 and 5 0 -AGGTTAAGTGATGGGCTAGGATG G-3 0 , which give a 335-bp amplification product (Massa et al. 2000) . The PCR products were separated on a 1.0% agarose gel, stained with ethidium bromide and imaged using a BioRad molecular imaging VersaDoc system.
Pharmacological intervention
To determine if the activity of iNOS participates directly the mechanisms of disease in ALS mice, we conducted pharmacological studies using iNOS inhibitors. Two different highly specific inhibitors of iNOS were used. A small-scale study was done on a cohort of mSOD1 mice (n = 5) injected intraperitoneally with SMT (Santa Cruz Biotechnology), a potent competitive inhibitor of iNOS (Southan et al. 1995) , at a dosage of 5 mg/body weight daily starting at 9 weeks of age. mSOD1 mice receiving normal saline vehicle were controls. A larger-scale study was done on a cohort of mSOD1 mice (n = 12) injected subcutaneously with 1400 W (Sigma), a slow tight-binding potent iNOS inhibitor (Garvey et al. 1997 ) at a dosage of 3 mg/body weight on alternate days, starting at 6 weeks of age. mSOD1 mice receiving normal saline/cyclodextran vehicle were controls. Lifespan was the outcome measurement.
Data analysis
Group means and variances were evaluated statistically by one-way ANOVA and a Newman-Keuls post hoc test.
Photography and figure construction
The original images of immunohistochemical preparations used for figure construction were generated using digital photography. Digital images were captured as TiFF files using a SPOT digital camera and SPOT Advanced software (Diagnostic Instruments) or a Nikon digital camera (DXM1200) and ACT-1 software. Images were altered slightly for brightness and contrast using ArcSoft PhotoStudio 2000 or Adobe Photoshop software without changing the content and actual result. Results iNOS protein levels are up-regulated in presymptomatic ALS mice Western blots of wtSOD1 and mSOD1 tg mouse spinal cord extracts probed with iNOS antibodies showed a band of immunoreactivity at *130 kDa (Fig. 1a) , consistent with the molecular weight of full-length iNOS protein (Heneka and Feinstein 2001; Mungrue et al. 2003) . Corroboration that this immunoreactive band was indeed iNOS was based on the findings that this band was strongly positive in lanes loaded with cell extracts of lipopolysaccharide-stimulated mouse macrophages (RAW 264.7 cells) or purified iNOS recombinant protein and absent in lanes loaded with tissue extracts from iNOS -/-mice (data not shown). iNOS was detected at near equivalent levels in soluble and mitochondria-enriched membrane fractions of wtSOD1 mouse spinal cord (Fig. 1a) . In contrast, mSOD1 mice had greater levels of iNOS in the mitochondriaenriched membrane fractions compared to the soluble fraction, and the level of iNOS in the membranous fraction was significantly greater than that found in wtSOD1 mice (Fig. 1a, b) .
To detect and measure the full-length iNOS protein in its native state, IP followed by WB was used (Fig. 1c) . iNOS immunoprecipitated from wtSOD1 and mSOD1 tg mouse spinal cord migrated as a 130-kDa band corresponding to an immunoreactive band of immunoroprecipitated purified iNOS from mouse macrophage cells (Fig. 1c) . Computer densitometry of this 130-kDa band, controlled against the IgG heavy chain labeling, demonstrated a significant increase in the level of iNOS in presymptomatic mSOD1 mouse spinal cord compared to wtSOD1 mouse spinal cord (Fig. 1d) .
NOS activity is increased in pre-symptomatic and early symptomatic ALS mice
To determine the functional activity of iNOS in mSOD1 mice, a NOS biochemical assay was employed to measure enzymatic conversion of radiolabeled L-arginine to L-citrulline. As negative controls, reactions were incubated with known inhibitors of iNOS and nNOS that confirmed the assay to be effective and specific (Fig. 2a) . Specific iNOS activity was found in nuclear-enriched, soluble, and mitochondrial membrane-enriched fractions of mouse spinal cord (Fig. 2b) . In the mitochondrial membrane-enriched fraction, iNOS activity was increased significantly in mSOD1 mice compared to wtSOD1 mice at early symptomatic stages of disease (Fig. 2b) . iNOS activity was not significantly different in nuclear-enriched and soluble fractions of mSOD1 mice (Fig. 2b) . nNOS activity was measured to determine if the changes in iNOS activity were isoform specific. nNOS activity was detected in soluble and mitochondrial subcellular compartments of spinal cord. nNOS activity was increased significantly in the mitochondrial-enriched membrane compartment of mSOD1 mice compared to wtSOD1 mice at the pre-symptomatic stages of the disease (Fig. 2c) .
iNOS immunoreactivity is increased in mSOD1 MNs and microglia Immunohistochemical staining of iNOS using specific antibodies confirmed by Western blotting showed increases in iNOS immunoreactivity in motor neurons during the progression of disease (Fig. 3a-d) . iNOS immunoreactivity was seen as dot-like particles and aggregates in the cytoplasm of the somatodendritic compartment and nuclear compartment of MNs (Fig. 3a-c, h, i) . MNs in wtSOD1 mice maintained a steadily low level of iNOS immunoreactivity at 7 through 15 weeks of age (Fig. 3a) , similar to that seen before in non-transgenic mouse MNs (Martin et al. 2005) ; in contrast, mSOD1 mice showed progressively increased immunoreactivity throughout this time course (Fig. 3b-d) . The levels of iNOS immunoreactivity in symptomatic mSOD1 mice reached an optical density of more than 3.3 times greater than the average optical density in wtSOD1 mice (Fig. 3d) . The iNOS localization pattern in MNs of pre-symptomatic and symptomatic mSOD1 Brain Struct Funct (2010) 214:219-234 223 mice differed markedly from that seen in wtSOD1 tg mice. The increased iNOS immunoreactivity occurred specifically in MNs in mice at the pre-symptomatic and early symptomatic stages of disease and then later also in cells appearing as microglia (Fig. 3c) . The rich iNOS immunostaining in MNs of pre-symptomatic mSOD1 mice was confirmed by immunofluoresence (Fig. 4g) . iNOS immunoreactivity specifically in microglia was demonstrated by dual labeling for iNOS and CD11b (Fig. 4a-c) . The co-localization of iNOS and CD11b was common and robust ( Fig. 4a-c) . In advanced disease, iNOS-positive microglia and their processes were found closely associated with, and perhaps penetrating, iNOSpositive degenerating and remnant MNs (Fig. 4d-f) . iNOS immunoreactivity in pre-symptomatic mSOD1 mouse spinal cord was not associated with astrocytes identified by GFAP immunostaining (Fig. 4g-i ), but at end-stage disease some infrequent co-localization of iNOS and GFAP was observed (Fig. 4j-k) .
iNOS expression is increased in mSOD1 mouse brainstem motor nuclei
The pattern of increased iNOS immunoreactivity seen in spinal MNs was also seen in cranial nerve MN nuclei in brainstem (Fig. 3e) . This observation afforded an opportunity to use higher resolution micro-dissection of brainstem regions containing cranial nerve MN nuclei (CN5 and CN7) for RT-PCR. In normal mouse CNS, constitutive levels of iNOS mRNA were undetectable in cerebrum, low in brainstem, and highest in spinal cord (Fig. 3f) consistent with the constitutive expression of iNOS in MNs (Martin et al. 2005) . A comparison of iNOS mRNA expression in wtSOD1 and mSOD1 mouse brainstem revealed consistently elevated levels of iNOS mRNA in pre-symptomatic mSOD1 mice (Fig. 3g) . Surprisingly, mSOD1 mice generally expressed lower levels of iNOS mRNA at early symptomatic and end-stage disease compared to the presymptomatic stages (Fig. 3g ).
iNOS immunoreactivity is localized to mSOD1 mouse MN mitochondria iNOS immunoreactivity in MN cell bodies was seen in the cytoplasm as fine discrete dots, larger round or oval particles, and as diffuse labeling (Fig. 3a -c, h-j). Dual labeling for iNOS and organelle markers was done to identify the subcellular localization of iNOS in MNs. iNOS immunoreactivity was largely distinct from the peroxisomal compartment identified by catalase (Fig. 3h) . In contrast, the fine diffusely particulate iNOS immunoreactivity in MNs of mSOD1 mice showed registration with the microsomal compartment identified by cytochrome p450 reductase (Fig. 3i ) and the larger particulate iNOS immunoreactivity co-localized with mitochondrial marker SOD2 (Fig. 3j) . In mSOD1 mouse motor neurons with mitochondrial swelling, iNOS was consistently localized to swollen mitochondria while normal-sized mitochondria were mostly iNOS-negative (Fig. 3j) .
iNOS is expressed by Schwann cells in mSOD1 mice and is enriched at the paranodal regions of nodes of Ranvier
In the course of analyzing the cellular localization of iNOS in mSOD1 mouse spinal cord, we found serendipitously iNOS immunoreactivity enriched at the ventral root exit zones of the peripheral nerves (Fig. 5a ). This iNOS immunoreactivity appeared to be associated with the myelin sheaths of MN axons (Fig. 5a ) and was enriched particularly at the node of Ranvier paranodal sites of peripheral nerves (Fig. 5a , lower left inset), suggesting the expression of iNOS by Schwann cells. Many peripheral Fig. 2 NOS catalytic activity in mSOD1 and wtSOD1 tg mouse spinal cord subcellular fractions as determined by biochemical isotopic assay. a Use of specific inhibitors of recombinant iNOS (S-methylisothiourea sulfate) and nNOS (provided in kit) demonstrates the effectiveness and specificity of the assay. b iNOS activity (mean ± SD) was detected in nuclear, soluble, and mitochondrialenriched membrane fractions of in mSOD1 and wtSOD1 tg mouse spinal cord. iNOS activity was increased significantly (p \ 0.05) in mitochondrial fractions of mSOD1 mice at early stages of disease. c nNOS activity (mean ± SD) was detected in soluble and mitochondrial-enriched membrane fractions of in mSOD1 and wtSOD1 tg mouse spinal cord. nNOS activity was increased significantly (p \ 0.01) in mitochondrial fractions of mSOD1 mice at presymptomatic stages of disease Brain Struct Funct (2010) 214:219-234 225 nerves of pre-symptomatic and symptomatic mSOD1 mice contained subsets of iNOS-immunoreactive axons that were ensheathed by iNOS immunoreactivity (Fig. 5b) . Dual immunofluorescence for iNOS and the Schwann cell marker vimentin (Autilio-Gambetti et al. 1982) demonstrated that Schwann cells were positive for iNOS ( Fig. 5c-e) . p75 NTR staining was also used to identify activated Schwann cells in response to injured axons (Johnson et al. 1988 ), confirming iNOS expression by Schwann cells (Fig. 5f-h ). Dual immunofluorescence for iNOS and p75 NTR also confirmed the accumulation of iNOS in swollen, degenerating axons within peripheral nerves ( Fig. 5f-h ).
Inhibition of iNOS has beneficial effects on ALS mice
We studied in vivo the effects of drug inhibitors of iNOS activity on disease mSOD1 mice. In a small cohort study, ALS symptoms were delayed by administration of SMT starting at 9 weeks of age (Fig. 6a) . Nevertheless, after this temporary period of ALS-like symptoms, SMT-receiving mice quickly reached end-stage disease, like vehicle-treated mice, with no extension of lifespan (Fig. 6a ). In contrast, treatment of mSOD1 mice with 1400 W starting at 6 weeks of age delayed the onset of disease (Fig. 6b) and significantly extended survival, as evidenced by the 23% increase in lifespan (Fig. 6c) .
Discussion
The disease mechanisms in mSOD1 mice are studied intensively, but clinically translatable effective mechanism-based therapies have not yet been developed from work on this animal model or any other animal model of MN degeneration (Martin and Liu 2004; Bendotti and Carrì 2004; Cozzolino et al. 2008; Turner and Talbot 2008) . The focus of this study was on the role of iNOS in the pathobiology of ALS in mice. We found that iNOS mRNA, protein, and enzyme activity are up-regulated in mSOD1 mouse spinal cord and brainstem at pre-symptomatic and early symptomatic stages of disease. iNOS is expressed constitutively at low levels in mouse MNs and an early presymptomatic up-regulation of iNOS occurs in MNs in mSOD1 mice. iNOS in MNs of mSOD1 mice associates with mitochondria and microsomes. Finally, pharmacological inhibition of iNOS has significant effects in ALS mice by delaying disease onset and extending survival. These observations demonstrate that iNOS participates in the causal mechanisms of MN degeneration in mouse ALS.
This study is important because the role of NOS in the degeneration of MNs in mSOD1 mice has been very controversial and most studies have focused only on the nNOS (NOS1) isoform (Martin 2006) . nNOS isoform and superoxide have been implicated in the death of MNs induced by mSOD1 and Zn 2? -deficient wild-type SOD1 in cell culture (Estévez et al. 1999; Raoul et al. 2002) . Cultured MNs from tg mouse embryos expressing G93A, G85R, and G37R variants of mSOD1 show enhanced sensitivity to Fas death receptor-triggered cell death through a signaling pathway involving nNOS-mediated NO
• production (Raoul et al. 2002) . In vivo, the nNOS inhibitor AR-R 17,477 prolonged the survival of mSOD1 mice, but other nNOS inhibitors were ineffective (Facchinetti et al. 1999; UptonRice et al. 1999) . mSOD1 mice without nNOS (a isoform) do not have prolonged survival (Facchinetti et al. 1999 ), but these mice still produce catalytically active b and c isoforms of nNOS, utilizing alternate translation start sites that exclude the regions targeted by the knockout strategy (Mungrue et al. 2003) , and these mice have two other NOS genes (iNOS and NOS3). iNOS has properties that are different from NOS1 and NOS3. Homodimeric iNOS is always catalytically active when expressed, because it is Fig. 3 Immunohistochemical localization of iNOS protein and RT-PCR analysis of iNOS mRNA in mSOD1 and wtSOD1 tg mice. Immunoperoxidase staining for iNOS in lumbar spinal cord sections of 14-week-old wtSOD1 tg mouse (a) and mSOD1 tg mice (b, c) at 11 weeks of age (early symptomatic) and 15 weeks old (end-stage). iNOS immunoreactivity is seen as brown labeling. Insets show delineated MNs at higher magnification. Scale bars (in a) apply to b and c. d Single-cell computer densitometry (mean ± SD) of immunohistochemically stained motor neurons (n = * 25-30 MNs/group) shows significantly (p \ 0.01) increased iNOS immunoreactivity in MNs of mSOD1 mice at 11 and 15 weeks of age (compared to baseline at 7 weeks of age). e Immunoperoxidase staining for iNOS in brainstem sections from a 14-week-old wtSOD1 tg mouse (left) and a 9-week-old (pre-symptomatic) mSOD1 tg mouse (right). iNOS immunoreactivity is seen as brown labeling. The facial motor nucleus (arrow) shows high levels of iNOS immunoreactivity in mSOD1 mice. Scale bar (in e) = 130 lm. f RT-PCR analysis (see ''Methods'' for primers) of iNOS mRNA expression in brain (cerebrum), brainstem, and spinal cord of control mouse. In normal CNS, iNOS mRNA levels are moderate in spinal cord, low in brainstem, and not detectable in cerebrum. RT-PCR for VDAC1 mRNA expression in the same samples is shown as a control. g RT-PCR analysis of iNOS mRNA expression in microdissected brainstem (medulla containing facial and trigeminal motor nuclei) of wtSOD1 and mSOD1 tg mice. iNOS expression is highest at pre-symptomatic stages of disease. RT-PCR for VDAC1 mRNA expression in the same samples is shown as a control. Dual-label immunofluorescence for iNOS (red) and the peroxisomal marker catalase (h), the microsomal marker cytochrome p450 reductase (i), and the mitochondrial marker SOD2 (j). Asterisks identify nuclei. iNOS immunoreactivity (h, hatched arrow) is mostly distinct from catalase immunoreactivity (h, solid arrow) and thus there is sparse yellow. iNOS and cytochrome p450 reductase robustly, but incompletely, co-localize (yellow) in the cytoplasm (i). iNOS robustly localizes to SOD2-positive mitochondria as revealed by the discrete merging of red and green (j, yellow). Small (*0.5 lm in diameter), morphologically normal-appearing mitochondrial are single-labeled for green-SOD2 (j, lower left of cell, open arrows), while swollen mitochondria (double arrows) are iNOS-positive (yellow). Other structures, probably microsomes, are red-iNOS single labeled (j, hatched arrows) Scale bars h 6.7 lm; i 4.5 lm; j 7 lm calcium-independent and active for extended periods (hours to days) with a V max * tenfold greater that other NOS isoforms, yielding a very high output of NO
• (MacMicking et al. 1997; Lowenstein and Padalko 2004) . We reported that G93A high -mSOD1 mouse MNs have increased NO
• production and that these mice without iNOS have significantly prolonged survival (Martin et al. 2007 ). However, survival of G93A-mSOD1 mice expressing a low copy number of transgene seems unaffected by iNOS gene deletion (Son et al. 2001) , suggesting that the disease mechanisms in G93A high -and G93A low -expressing mice are different. Here, we show that drugs that selectively inhibit iNOS have beneficial Brain Struct Funct (2010) 214:219-234 227 effects in mSOD1 mice with a rapid disease onset. Thus, iNOS has a role in the pathobiology of ALS in this severe mouse model. This study expands on the idea that changes in NO
• signaling pathways are causally related to the initiation or progression of ALS. We focused on iNOS because earlier studies on mice (Almer et al. 1999; Sasaki et al. 2001a, b; Martin et al. 2007 ) and humans (Phul et al. 2002) have indicated that this isoform of NOS could be important in ALS, and its role in the pathobiology of ALS has been Fig. 4 ? microglia (e, red at arrows) form satellites and infiltrate into the degenerating MN. Scale bar (in d) = 2.5 lm. Immunolocalization of iNOS (g, red) and the astroglial marker GFAP (h, red) demonstrate the absence of co-localization of iNOS to astrocytes (i, no yellow, compare to Fig. 4C ) in presymptomatic mSOD1 mouse spinal cord ventral horn, but MNs are strongly positive for iNOS (g). Scale bar (in g, applies to h-l) = 35 lm. j-l. iNOS immunoreactivity is found very rarely in some astrocyte processes in symptomatic mSOD1 mice under-appreciated. We used several different methods to interrogate iNOS. iNOS was present constitutively in normal mouse spinal cord and brainstem as seen at the mRNA level using RT-PCR and protein level using WB and IP, corroborating an earlier study demonstrating iNOS immunoreactivity and activity in MNs at low levels (Martin et al. 2005) . WB showed that iNOS was greater in membraneenriched subcellular fractions than in cytoplasmic fractions, suggesting potential iNOS associations with mitochondria and microsomes; these observations were confirmed subsequently by immunohistochemical dual labeling. A salient finding was that iNOS mRNA expression and protein levels were up-regulated highest in mSOD1 mice early in the course of disease. Up-regulated iNOS mRNA in spinal cord of early symptomatic mice has been found by others (Almer et al. 1999) . We then used immunohistochemistry to show that iNOS was present in normal MNs at very low levels and was up-regulated dramatically in brainstem and spinal MNs of mSOD1 mice before a robust microglial up-regulation occurring at later stages of disease. Sasaki et al. (2001a, b) and Kiaei et al. (2005) also found iNOS immunoreactivity in spinal MNs of G93A-mSOD1 mice. In addition, Sasaki et al. (2001a, b) reported that reactive astrocytes were immunostained frequently with iNOS antibody in the spinal cord at early symptomatic (32 weeks) and end-stage (35 weeks) disease in G93A low -expressing mice, and they found in the autopsy of spinal cords of human ALS iNOSpositive MNs and astrocytes that were not observed in controls (Sasaki et al. 2000) . We observed, using different antibodies, very occasional iNOS-positive astroglial elements in ALS mice with rapid disease, with the up-regulation of iNOS in microglia being much more prominent when mice were at end-stage disease. There are important distinctions between our study and the previous work by Sasaki et al. (2001a, b) , notably the use of different tg mouse lines expressing very different transgene copy numbers and disease progressions, and we used complementary quantitative approaches. Almer et al. (1999) stated that iNOS was identified only in glial cells and not in neurons of G93A high -mSOD1 mice, but their illustrations suggest otherwise. It is possible that abnormalities in the spinal cord neuropil microenvironment in mSOD1 mice are responsible for the iNOS induction in MNs, because many pro-inflammatory cytokines can modulate iNOS gene expression through NF-jB, JAK/STAT, and HIF-1 (Lowenstein and Padalko 2004) .
We also studied the biochemical activity of iNOS and nNOS. iNOS activity was detected in nuclear, soluble, and mitochondrial-enriched membrane fractions in control and mSOD1 tg mice. nNOS activity was detected in soluble and mitochondrial-enriched membrane fractions. The changes in activity in mSOD1 mice were very selective. iNOS and nNOS activities were significantly increased only in mitochondrial-enriched membrane fractions of mice at early symptomatic and pre-symptomatic stages of disease, respectively. Almer et al. (1999) found in total spinal cord extracts nNOS activity to be unaltered early in disease and iNOS activity increased in early symptomatic and end-stage mice. Our results show an interesting disconnect between the robust microglial immunoreactivity for iNOS and low enzyme activity and mRNA in mSOD1 mice at end-stage disease. This finding might mean that our high -mSOD1 tg mice. a Kaplan-Meier survival curve for small cohort study using iNOS-specific inhibitor (SMT). Mice receiving SMT delayed symptom onset (age *90-120 days) compared to vehicle-treated mice, but had on effects on survival. b G93A mice treated with 1400W (3 mg/ kg, sc every other day) had delayed disease onset and an extended lifespan compared to mice treated with vehicle (n = 10-14 mice/ group). c Graph of the mean lifespan of vehicle-and 1400W-treated mSOD1 mice. Values are mean ± SD. Significant difference (*p \ 0.05) from vehicle control biochemical approach using subcellular fractions is disadvantageous in this regard, resulting in loss of activity, or the finding suggests that the presence of protein does not necessarily mean catalytically active enzyme due to interactions with proteins such as NAP110 (Ratovitski et al. 1999) .
MNs seem to be unique among neurons regarding NO
• production because they express constitutively low levels of iNOS, and iNOS is strongly up-regulated in MNs in ALS mice; thus, iNOS is the likely source of NO • in MNs degenerating in ALS. The iNOS promoter is activated by IRF-1 and NF-jB and is usually engaged by inflammationmediated stimulation (Heneka and Feinstein 2001; Mungrue et al. 2003) . This mechanism would be consistent with the concept that mSOD1 has aberrant oxidative chemistry causing an oxidative microenvironment (Liochev and Fridovich 2003) , and thus high levels of NO
• would favor the diffusion-limited reaction with superoxide to form peroxynitrite (Beckman et al. 1993) . nNOS could also be a source of NO in degenerating MNs in mSOD1 mice (Sasaki et al. 2002 ), but we showed previously that NADPH diaphorase activity and iNOS immunoreactivity were induced in mSOD1 mouse MNs, but not nNOS immunoreactivity (Martin et al. 2007 ). Our new work here corroborates this finding with quantitative analyses using different complementary methods. mSOD1 mice develop profound mitochondrial damage in MNs (Wong et al. 1995; Kong and Xu 1998; Bendotti et al. 2001; Higgins et al. 2002; Sasaki et al. 2004; Martin 2006; Martin et al. 2007 ). We found that iNOS immunoreactivity becomes localized to mitochondria before and after they become swollen. Mitochondria produce NO through a reaction catalyzed by a mitochondrial form of NOS (mtNOS) with similar cofactor and substrate requirements as constitutive NOS, but mtNOS can cross-react immunologically with antibodies to iNOS (Lacza et al. 2003; Giulivi 2003) . Our work extends this idea to ALS mice and demonstrates that iNOS is catalytically active in mitochondrial-enriched membrane fractions of mouse spinal cord at a time when iNOS protein accumulates in MNs but not in microglia. Our findings are consistent with an iNOS produced NO-mediated mechanism for mitochondriopathy in MNs of mSOD1 mice.
It is not completely clear to us whether the NOS activity accumulating in MNs and their mitochondria of mSOD1 mice should be called iNOS or mtNOS. True iNOS (NOS2) has a high NO output capacity and is Ca 2? independent, though it does bind calmodulin (MacMicking et al. 1997; Lowenstein and Padalko 2004) ; thus, its activity within MNs should be insensitive to the abnormal increases in intracellular Ca 2? in mSOD1 mouse MNs observed by us (Martin et al. 2007 ) and others (Siklos et al. 1998) . But, if this NOS activity in MN mitochondria is indeed mtNOS, then intracellular Ca 2? fluxes could be important pathophysiologically because mitochondrial Ca 2? uptake stimulates NO production in mitochondria (Dedkova et al. 2004) . Regardless of the specific isoform of NOS, abnormal NO production could drive the formation of peroxynitrite in mitochondria and the nitration of respiratory chain enzymes (e.g., cytochrome c oxidase subunit I) and mitochondrial antioxidant enzymes (e.g., SOD2) (Martin et al. 2007 ). Abnormal NO production in mitochondria could also explain the nitration of cyclophilin D (the ppif gene product) and the nitration of adenine nucleotide translocase seen pre-symptomatically and the formation of the mitochondrial permeability transition pore that has a critical role in the disease mechanisms of ALS mice, possibly by driving the apoptosis-necrosis cell death continuum Martin 2009 ). Other studies have found increased protein nitration in animal models of ALS (Martin et al. 1999; Casoni et al. 2005; Martin et al. 2005 ).Thus, iNOS or mtNOS might be a relevant new mechanism-based target for ALS treatment.
An early abnormality in human ALS patients seen by neurologists is skeletal muscle denervation (Rowland and Shneider 2001) . Similar abnormalities occur in G93A-mSOD1 mice (Fischer et al. 2004; Schaefer et al. 2005; Pun et al. 2006 ). These findings have fostered the proposal that MN distal axonopathy is an early initiating mechanism of ALS (Fischer et al. 2004 ). The possible mechanisms for this distal axonopathy could involve mitochondria. We have found that MNs in mSOD1 mice at pre-symptomatic disease accumulate mitochondria from their distal axons/ terminals (Martin et al. 2007 ). MNs in mSOD1 mice at pre-symptomatic disease also generate higher levels of superoxide, NO, and peroxynitrite than MNs in tg mice expressing human wtSOD1 (Martin et al. 2007 ). We show here that Schwann cells could be another source of NO through the catalytic activity of iNOS. In peripheral nerve, Schwann cell paranodal regions and axon nodes of Ranvier have high local concentrations of mitochondria (Perkins et al. 2008) , which could generate superoxide, and in combination with Schwann cell-produced NO, to form peroxynitrite locally. Moreover, we show that iNOS accumulation in peripheral nerve axons is associated with the accumulation of p75 NTR . Copray et al. (2003) have also seen p75 NTFR accumulate in degenerating axons and Schwann cells of ventral roots in G93A-mSOD1 mice. Interestingly, genetic deletion of p75 NTR results in delayed disease onset and extended lifespan in female, but not male, G93A-mSOD1 mice (Kust et al. 2003) . In human ALS, p75
NTR is also up-regulated in degenerating axons and surrounding Schwann cells (Kerkhoff et al. 1991) . Thus, our study implicates for the first time Schwann cells in the mechanisms of distal axonopathy in mouse ALS through their expression of iNOS, possibly triggering MN axonal damage at the nodes of Ranvier.
The molecular pathogenesis of ALS is far from being understood completely, and thus effective therapies for this disease are lacking. That is why the study of iNOS in ALS could be worthwhile. Currently, the only FDA-approved pharmaceutical to treat ALS is Riluzole, a Na ? channel blocking drug with an uncertain mechanism of action in ALS and conferring only minimal improvement in patient quality of life (Cozzolino et al. 2008) . In this study, we identify 1400W as a drug that has beneficial effects in mSOD1 mice with a rapid disease onset and is known to selectively inhibit iNOS. The treatment regimen used was conservative (low dose, every other day) and we did not observe overt side effects even with chronic treatment of tg and non-tg mice, although future studies should carefully monitor blood pressure. Another important consideration is that the post-transcriptional regulation of iNOS expression is different in mouse and human cells (Pautz et al. 2009 ). Nevertheless, people who die from ALS also have an aberrant up-regulation of iNOS in the spinal cord (Phul et al. 2000) and importantly in MNs (Sasaki et al. 2000) . Nitration of tyrosines, a signature of peroxynitrite-mediated damage, is also elevated in human ALS nervous tissues (Abe et al. 1995; Beal et al. 1997; Sasaki et al. 2000) . Thus, data are available that support the involvement of iNOS in the pathobiology of human ALS. Our experiments here expand on previous work ) demonstrating that iNOS might be a relevant mechanism-based target for human ALS treatment.
